The crystal structures of the Na ؉ -and Li ؉ -bound NtpK rings of Enterococcus hirae V-ATPase have been obtained. The coupling ion (Na ؉ or Li ؉ ) was surrounded by five oxygen atoms contributed by residues T64, Q65, Q110, E139, and L61, and the hydrogen bonds of the side chains of Q110, Y68, and T64 stabilized the position of the E139 ␥ carboxylate essential for ion occlusion (PDB accession numbers 2BL2 and 2CYD). We previously indicated that an NtpK mutant strain (E139D) lost tolerance to sodium but not to lithium at alkaline pHs and suggested that the E139 residue is indispensable for the enzymatic activity of E. hirae V-ATPase linked with the sodium tolerance of this bacterium. In this study, we examined the activities of V-ATPase in which these four residues, except for E139, were substituted. The V-ATPase activities of the Q65A and Y68A mutants were slightly retained, but those of the T64A and Q110A mutants were negligible. Among the residues, T64 and Q110 are indispensable for the ion coupling of E. hirae V-ATPase, in addition to the essential residue E139. V acuolar-type ATPases (V-ATPases), which structurally resemble ATP synthases (F-ATPases), function as a proton pump in acidic organelles and plasma membranes of eukaryotic cells as well as in bacteria (20). V-ATPases are composed of two structural domains: hydrophilic/catalytic V 1 portions and membrane-embedded/ion-translocating V 0 portions. The mechanism of V-ATPases is explained by "rotational catalysis," as for FATPases (2). The energy of ATP hydrolysis generated in the V 1 portion is converted into physical force to rotate the rotor complex (NtpD, NtpG, NtpC, and the NtpK ring) relative to the stator subunit (NtpI) in the V 0 portion. This rotation couples ATP hydrolysis to ion translocation (22).
V acuolar-type ATPases (V-ATPases), which structurally resemble ATP synthases (F-ATPases), function as a proton pump in acidic organelles and plasma membranes of eukaryotic cells as well as in bacteria (20) . V-ATPases are composed of two structural domains: hydrophilic/catalytic V 1 portions and membrane-embedded/ion-translocating V 0 portions. The mechanism of V-ATPases is explained by "rotational catalysis," as for FATPases (2). The energy of ATP hydrolysis generated in the V 1 portion is converted into physical force to rotate the rotor complex (NtpD, NtpG, NtpC, and the NtpK ring) relative to the stator subunit (NtpI) in the V 0 portion. This rotation couples ATP hydrolysis to ion translocation (22) .
Enterococcus hirae V-ATPase is a unique variant of V-ATPase which recognizes Na ϩ and Li ϩ with nearly equal affinities (14) and is indispensable for the salt tolerance of this bacterium at alkaline pHs (7) . The crystal structures of the Na ϩ -and Li ϩ -bound NtpK rings have been obtained (18, 19) . The overall structure of Li ϩ -bound NtpK was almost identical to that of Na ϩ -bound NtpK. The coupling ion (Na ϩ or Li ϩ ) was surrounded by five oxygen atoms, four in the side chains of T64, Q65, Q110, and E139 and the fifth in the main-chain carbonyl of L61. The bound ion was occluded by E139, and the position of the E139 ␥ carboxylate is stabilized by the hydrogen bonds with the side chains of Q110, Y68, and T64 (PDB accession numbers 2BL2 and 2CYD). Among these residues, E139 is an essential acidic residue conserved in all V-and F-ATPase c subunits (3, 11, 21, 23) . Here we performed mutagenesis of the amino acid residues forming the ion binding pocket in E. hirae NtpK and identified other residues critical for ion translocation by this enzyme.
MATERIALS AND METHODS
Strains, media, and cell culture. Enterococcus hirae strain ATCC 9790 (wild type), obtained from the American Type Culture Collection, and two ntpK-disrupted strains, NKD (4), derived from ATCC 9790, and 25DKD (9), derived from 25D, which is deficient in F o F 1 -ATPase, were used in this study (Table 1) . Cells were cultured at 37°C in KTY and NaTY standard complex media (6) . The growth of cells was monitored by measuring the optical density at 660 nm (OD 660 ). To assess lithium tolerance at alkaline pHs, 100 mM LiCl and 100 mM K 2 CO 3 were added at an OD 660 of 0.05 to KTY medium, changing medium pH from 7.5 to 9.5.
Construction of plasmids containing a mutation of the ntpK gene. Site-directed mutagenesis of the ntpK gene was performed by PCR as described previously (9) . The plasmids (Table 1) were introduced into strain NKD or 25DKD, and the transformants were selected in medium containing 5 g/ml chloramphenicol and 10 g/ml erythromycin.
Purification of V-ATPases and measurement of ATP hydrolytic activity. V-ATPases containing a mutation of NtpK were purified from cells of 25DKD transformants cultured in high-Na ϩ medium (NaTY medium supplemented with 0.5 M NaCl) to induce V-ATPase (9, 17), using anionexchange chromatography and gel filtration as described previously (9, 16) . The ATPase activity was determined as described previously (15) . The protein content was determined by the method of Lowry et al., using bovine serum albumin as a standard (10) . 
RESULTS AND DISCUSSION
ATP hydrolytic activities of V-ATPase containing an NtpK mutation. We previously reported that the E139 residue is indispensable for the Na ϩ coupling of V-ATPase, linked with the salt tolerance of E. hirae (9) . In this study, we performed mutagenesis to further characterize the importance of residues forming an ion binding pocket in NtpK with regard to V-ATPase catalytic properties. Mutant enzymes were purified from the 25DKD transformants (9) , to avoid contamination with E. hirae F-ATPase (1). The ATP hydrolytic activity of purified V-ATPase (wild type) was tightly coupled with the Na ϩ or Li ϩ ions, and the kinetics of ATP hydrolysis showed a biphasic pattern (16) . Because a high K m value (low affinity) was not observed in the case of low ATP concentrations, two affinities observed for E. hirae V-ATPase were thought to correspond to the V-ATPase enzymatic reaction (low affinity) and Na ϩ or Li ϩ binding to the NtpK ring (high affinity) (13, 16) . The apparent K m values (35 Ϯ 5.0 M and 3.5 Ϯ 1.5 mM for Na ϩ and 55 Ϯ 6.5 M and 2.3 Ϯ 2.0 mM for Li ϩ ) were calculated for purified V-ATPase (wild type), consistent with the values reported previously (Fig. 1) (9, 16) . The ATPase activities of the mutant enzymes examined in this study were greatly decreased. The T64A and Q110A mutant enzymes showed negligible ATP hydrolytic activities (Fig. 1) , and the activation of these enzymes was insignificant, even at 50 mM NaCl or LiCl. The ATP hydrolytic activities of the purified Q65A and Y68A mutant enzymes were still significantly activated by NaCl and LiCl. However, the V max values of the wild-type enzyme were more than 10-fold higher than those of the mutant enzymes ( Fig. 1C and D) . Although the apparent K m values of the mutants with low ATPase activity were difficult to detect accurately, the K m value of the Y68A mutant was estimated to be 170 M for Li ϩ . Although the significance of minute activities which remained in some NtpK mutants is unidentified, stimulation by Na ϩ or Li ϩ was totally missed. We reported previously that the E139D mutant enzyme retained a high level of Li ϩ -coupling activity (9), but alaninesubstituted mutants of other residues in the ion binding site did not retain significant Li ϩ selectivity for ATP-hydrolyzing activity. Effect of NtpK mutations on lithium transport and tolerance. The proton-potential-independent Na ϩ (Li ϩ ) extrusion at alkaline pHs by E. hirae cells depends completely on the V-ATPase activity (4, 23) . We examined Li ϩ extrusion from whole cells expressing mutated NtpK. In these experiments, the ntpK mutant plasmids (Table 1) were introduced into strain NKD. E. hirae has two Na ϩ (Li ϩ ) extrusion systems, V-ATPase and the Na ϩ /H ϩ antiporter. Since the antiporter is driven by the proton poten- 
FIG 1 Na
ϩ and Li ϩ dependence of purified V-ATPase containing an NtpK mutation. V-ATPases were purified (16) from 25DKD/pHEexK (wild type) or from 25DKD harboring the NtpK mutant plasmids. The effects of NaCl (A and C) and LiCl (B and D) on ATP hydrolytic activities of purified V-ATPases were examined at 2 mM ATP, as described in Materials and Methods (15) . The results are shown with error bars and represent the means Ϯ standard deviations calculated from three independent experiments. The insets (A and B) show ATP hydrolytic activities with lower concentrations of salts. Symbols: , wild type; ϫ, T64A mutant; o, Q65A mutant; OE, Y68A mutant; ᮀ, Q110A mutant. tial generated by F-type H ϩ -ATPase, the activity of the Na ϩ /H ϩ antiporter in strain NKD should be negligible at alkaline pHs in the presence of valinomycin and CCCP (9, 23) . Western blotting with anti-V-ATPase serum revealed that the amounts of mutated V-ATPases in whole cells were nearly equivalent among strains NKD/pHEexK (wild type), NKD/pHEexK(T64A) (NKD/T64A), NKD/pHEexK(Q65A) (NKD/Q65A), NKD/ pHEexK(Y68A) (NKD/Y68A), and NKD/pHEexK(Q110A) (NKD/ Q110A) (data not shown). NKD/T64A and NKD/Q110A failed to extrude Li ϩ , similarly to NKD/pHEex (vector). NKD/Q65A and NKD/Y68A retained Li ϩ extrusion activity, although the initial rates of extrusion for these mutants were much lower than that for the wild type ( Fig. 2D and E) . The extrusion of Li ϩ by V-ATPase is a prerequisite for the Li ϩ tolerance of E. hirae at alkaline pHs (9) . In parallel with the extrusion activity, strains NKD/Q65A and NKD/Y68A grew in medium supplemented with 100 mM LiCl at pH 9.5 albeit with lower growth rates than that of the wild type (Table 2) . Strains NKD/T64A and NKD/Q110A did not grow in such a high-Li ϩ medium, as did NKD/pHEex. The L61 residue contributes to the formation of an ion binding pocket with its main-chain carbonyl oxygen atom (18, 19) . Mutant strains NKD/ L61F and NKD/L61G grew in the high-Li ϩ medium at growth rates slightly lower than that of the wild type. These results may reflect a moderate position shift of the main-chain carbonyl oxygen atom by the amino acid substitution of residue L61.
Ion binding site of the E. hirae V-ATPase. It was proposed previously by mutational studies of the Propionigenium modestum Na ϩ -translocating F-ATPase that Q32 in the c subunit (cQ32), cE65, and cS66 are essential for Na ϩ binding (5). The crystal structure of the Na ϩ -bound c ring of Ilyobacter tartaricus F-ATPase revealed that this notion was correct (11) . The ion-binding-site structure of the I. tartaricus F-ATPase c subunit is formed by four oxygen atoms (Fig. 3B) : two side-chain oxygen atoms in one subunit (cQ32 and cE65) and one hydroxyl oxygen of cS66 and one main-chain carbonyl of cV63 in the neighboring subunit. The side chains of cS66, cY70, and cQ32 donate hydrogen bonds to the cE65 ␥ carboxylate, and these hydrogen bonds serve to maintain deprotonated cE65 at a physiological pH (11) to allow Na ϩ binding and to lock cE65 into its ion binding conformation. The results of our study of the mutagenesis of the E. hirae NtpK subunit suggested that T64 (second helix) and Q110 (third helix), as well as E139 (fourth helix), are indispensable for the ion coupling of this enzyme and that the three-dimensional locations of these residues are parallel to those obtained by Na ϩ -translocating F-ATPase (18) (Fig. 3) . The overall configuration of the residues indispensable for creating the ion binding pocket may be common between these V-and F-ATPase K (c) rings.
The presence of cE65 and cS66 satisfies the binding of Li ϩ but not Na ϩ in the P. modestum c subunit (5) (Fig. 3B ). This mutant enzyme has Li ϩ -stimulated ATPase activity and ATP-dependent Li ϩ transport activity (5). Interestingly, it was reported previously for the mutagenesis of the Escherichia coli ATP synthase c subunit (24) that a X-E61-S62-Y or X-E61-T62-Y sequence of the c subunit provides the Li ϩ binding cavity. Therefore, in the case of E. hirae V-ATPase, we expected that the Q110A mutant still retained Li ϩ -coupling activity. However, the Q110A mutant did not show any coupling of Li ϩ ( Fig. 1 and 2) , even in the presence of E139 and T64. The ion-binding-site-conforming residues of the F-and V-ATPases are well conserved, but there is an additional Gln residue, Q65, in E. hirae V-ATPase (Fig. 3A) . We had assumed that the ion binding pocket was elastic, and therefore, the construction of a V-ATPase NtpK mutant with lower affinities for Na ϩ and/or Li ϩ based on the coordination of four oxygen atoms should be possible. The fifth oxygen atom, Q65, would be one of the important oxygen atoms for creating a high affinity for the ions, although the overall affinity for Na ϩ and Li ϩ arose from the delicate coordination of five oxygen atoms. However, this expectation was clearly excluded ( Fig. 1 and 2) . The results of this study suggest that residues forming the ion binding pocket are all indispensable for the Na ϩ and Li ϩ coupling of E. hirae V-ATPase, although Q65 and Y68 played an auxiliary role in the enzymatic reaction.
Recently, the crystal structure of the NtpK ring modified with N,N=-dicyclohexylcarbodiimide was reported (12) . The overall structures of the NtpK ring did not change considerably between the Na ϩ -bound and Na ϩ -unbound forms, indicating that no large conformational changes occurred with the release of Na ϩ . The essential glutamate residue E139 forms a salt bridge with NtpI residue R573 (8) during ion translocation. The neutralization of E139 in the enzymatic reaction would decrease the affinity for Na ϩ and release the bound Na ϩ ion. Residue E139 determines the affinity for the binding ion, and other residues that form the ion binding pocket maintain a rigid conformation. The structure of the NtpK intramolecular ion binding pocket, which is a tandem repeat of the c subunit, is likely to be more rigid than that of the intermolecular ion binding pocket of the c subunit. This inflexible NtpK structure may provide a higher affinity for the binding ions in E. hirae V-ATPase than other F-and V-ATPases.
